PRINCIPLES: Prediction of arrhythmic events (AEs) has gained importance with the availability of implantable cardioverter-defibrillators (ICDs), but is still imprecise. This study evaluated the innovative Wedensky modulation index (WMI) as predictor of AEs. METHODS: In this prospective cohort, 179 patients with coronary artery disease (CAD) referred for AE risk assessment underwent baseline evaluation including measurement of R-/T-wave WMI (WMI RT ) and left ventricular ejection fraction (LVEF). Two endpoints were assessed 3 years after the baseline evaluation: sudden cardiac death or appropriate ICD event (EP1) and any cardiac death or appropriate ICD event (EP2). Associations between baseline predictors (WMI RT and LVEF) and endpoints were evaluated in regression models. RESULTS: Only three patients were lost to follow-up. EP1 and EP2 occurred in 24 and 27 patients, respectively. WMI RT (odds ratio [OR] per 1 point increase for EP1 20.1, 95% confidence interval [CI] 1.8-221.4, p = 0.014, and for EP2 73.3, 95% CI 6.6-817.7, p <0.001) and LVEF (OR per 1% increase for EP1 0.94, 95% CI 0.90-0.99, p = 0.013, and for EP2 0.93, 95% CI 0.89-0.97, p = 0.002) were significantly associated with both endpoints. In bivariable regression controlled for LVEF, WMI RT was independently associated with EP1 (p = 0.047) and EP2 (p = 0.007). The combination of WMI RT ≥0.60 and LVEF ≤30% resulted in a positive predictive value of 36% for EP1 and 50% for EP2. CONCLUSIONS: WMI RT is a significant predictor of AEs independent of LVEF and has potential to improve AE risk prediction in CAD patients. However, WMI RT should be evaluated in larger and independent samples before recommendations for clinical routine can be made.
Introduction
Implantable cardioverter-defibrillators (ICDs) can prevent arrhythmic events (AEs) causing sudden cardiac death (SCD) [1] [2] [3] . Therefore, guidelines recommend ICD implantation in specific patient situations [4] . The currently used criteria for ICD implantation are still far from perfect. Depending on the criteria used for ICD implantation, numbers needed to treat remain high: approximately 30 ICD implantations are required to prevent one SCD per year using the criterion of a prior myocardial infarction and a left ventricular ejection fraction (LVEF) ≤30% [3] . Unnecessary ICD implantation should be avoided, because ICDs are expensive and can cause adverse events (e.g., anxiety disorders due to inappropriate ICD shocks, or infections) [5] . On the other hand, many patients at risk for SCD do not receive an ICD because the increased risk is not recognised [6] . Improvements in SCD prediction are required. Currently, LVEF is the most widely used single predictor because it was evaluated in most of the clinical trials [1] [2] [3] . However, test characteristics of LVEF for SCD prediction are far from perfect and LVEF determination lacks precision [7] [8] [9] [10] [11] [12] . Determination of the Wedensky modulation index (WMI) is a novel and innovative technology for SCD prediction. WMI is based on the observation that a sub-threshold electrical stimulus may alter the cellular threshold for subsequent depolarisation, first described by Wedensky in 1886 for neuromuscular tissue, and later described by Castellanos for the human heart [13, 14] . The extent to which heart cells alter their threshold after a sub-threshold stimulus is a marker for their excitability and might therefore be a marker for SCD risk. Several clinical studies evaluated WMI as a SCD risk predictor and documented its ability to stratify the risk [15] [16] [17] [18] . However, in these previous studies patients were at the highest risk of SCD (mostly patients who had ICDs), the sample size was small, or there was no follow-up with hard endpoints. Therefore, this study investigated WMI in an adequately powered sample of patients with coronary artery disease (CAD) as predictor of AEs during 3 years of follow-up, and evaluated its ability to enhance risk prediction models based on LVEF.
Methods

Study population
Consecutive patients referred for SCD risk evaluation to Luzerner Kantonsspital (Luzern, Switzerland) during a 4-year period (between 1 October 2003 and 30 September 2007) were eligible for this prospective cohort study. In general, patients were referred for SCD risk evaluation if they were considered at increased risk for SCD (e.g., after myocardial infarction, after a syncope, after resuscitation, due to a low LVEF and/or due to ventricular tachycardia/fibrillation [VT/VF] during monitoring). Patients were included in the study if they had CAD. CAD was considered to be present if coronary angiography revealed at least one coronary stenosis of ≥50% in one of the coronary vessels or if the patient had an acute coronary syndrome (ACS) caused by coronary vasospasm. Patients who did not provide written informed consent were excluded. The study complies with the Declaration of Helsinki and was approved by the local ethics committee.
Baseline data
All participating patients underwent an extensive baseline examination. Patient history, including symptoms, cardi-
Figure 1
The device for Wedensky modulation consists of a standard computer system equipped with an adapter for the special electrodes and software for analysis of the ECG signal (a). The set of electrodes includes two large-size electrodes for the application of sub-threshold stimuli, which are placed on the sternum and back, and seven small-size electrodes for the recording of a high resolution ECG (b). Example of an ECG recording (c): the white tick marks show where the software detected an R-wave, and the red tick marks show when a sub-threshold stimulus was delivered. ECG recordings are analysed using three-dimensional Morlet wavelet transformation separately for stimulated and nonstimulated heart beats. The wavelet transformation averages the vector magnitude of the beats, separates the frequency of the beats, and displays the results as a three-dimensional surface whose axes are time (x axis), frequency (y axis), and amplitude (z axis) (d). To reveal the difference between the stimulated and nonstimulated beats the surfaces are arithmetically subtracted resulting in a wavelet residuum (e). Any variation in the wavelet residuum plane represents a response caused by the stimulation. The key indicators of the wavelet residuum are mathematically combined to calculate the Wedensky modulation index. ovascular risk factors, medication, prior cardiovascular events and further comorbidities, was recorded. Physical examination included the measurement of weight, height, blood pressure and heart rate. An electrocardiogram (ECG) was recorded in all patients. All patients underwent cardiac catheterisation to provide information about the presence of CAD. LVEF was measured with transthoracic echocardiography in all patients and was determined on two-and four-chamber views using the modified biplane Simpson method. WMI was determined using a novel device (MI-1000, Harbinger Medical Inc., Eden Prairie, Minnesota, USA) ( fig. 1 ). The device is capable of applying electrical subthreshold stimuli of 5 mA for 2 ms via two electrodes which are placed on the patient's thorax. The device records a high resolution ECG of approximately 1,000 heartbeats. The first 200 heartbeats are recorded without any stimulation. During the next 400 heartbeats, a subthreshold stimulus is applied to every second heartbeat synchronised with the R-wave. During the last 400 heartbeats, the stimulus is applied 20 ms after the R-wave. The recordings are analysed using a three-dimensional Morlet wavelet surface calculation from stimulated and non-stimulated heart beats ( fig. 1 ) [19, 20] . Previous studies showed that patients with increased SCD risk are less sensitive to the sub-threshold stimulus, and the wavelet surface of the high resolution ECG alters to a lesser extent [15] [16] [17] . Based on the difference of the wavelet surfaces between stimulated and non-stimulated heart beats, WMI is calculated separately for the R-wave (WMI R ) and the T-wave (WMI T ). The higher of both WMIs is then selected for the combined WMI RT , which was evaluated as a SCD predictor in this study. WMI RT values range between 0 and 1 with higher values indicating higher SCD risk.
Follow-up data
Follow-up data were recorded at exactly 3 years after the baseline examination. Follow-up data were obtained from several sources. All patients were contacted by telephone. In addition, ICD protocols of all patients treated with an ICD were reviewed. Surviving patients were interviewed by telephone using a structured protocol. If the patient reported a possible AE, additional information was obtained from the hospital case record and/or general practitioner. For patients who died, additional information on the circumstances of death was collected by interviewing the patient's relatives and/or general practitioner and/or by studying the hospital case record. The present study evaluated two endpoints: first, SCD or sustained VT/VF terminated appropriately by ICD shock or ICD antitachycardia pacing (endpoint 1); and second, any cardiac death (including SCD) or sustained VT/VF terminated appropriately by ICD shock or ICD antitachycardia pacing (endpoint 2). AEs were independently classified by two physicians who were blinded to baseline data. For death classification, the Hinkle-Thaler method was used [21] . If a patient experienced more than one endpoint event (e.g., termination of a sustained VT/VF by ICD in a patient who later died from a cardiac cause), only the first endpoint event was considered.
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Statistical analysis
First, mortality and arrhythmic events during follow-up were descriptively analysed. Second, the associations between the baseline predictors (WMI RT and LVEF) and the endpoints were evaluated in uni-and multivariable logistic regression models providing odds ratios (ORs). Predictors were analysed as continuous and dichotomised measures. As continuous measures, the predictors were used linearly (after checking for a potential quadratic relationship with the endpoints). For their use as dichotomised measures, predictors were dichotomised at cut-points based on the following considerations: first, current evidence from literature, and second, a cut-point close to the 25th percentile of the predictor (hereby generating for both predictors a high-risk population of about one quarter of the overall study population) [1] [2] [3] [15] [16] [17] [18] . This resulted in the following cut points: WMI RT ≥0.60 (indicating higher risk) vs <0.60 (indicating lower risk) and LVEF ≤30% (indicating higher risk) vs LVEF >30% (indicating lower risk). Postestimation after logistic regression included the calculation of the area under the receiver operating characteristic curve (AUROC) for each predictor separately, as well as for the combination of both predictors [22] . Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated for both dichotomised predictors. Kaplan-Meier survivor functions were generated to illustrate the ability to stratify the risk for each dichotomised predictor separately, as well as for a combination of both predictors [23] . Predictors were combined by defining the following three groups: both predictors concomitantly indicating lower risk (WMI RT <0.60 and LVEF >30%), one of the two predictors indicating higher risk (WMI RT ≥0.60 or LVEF ≤30%), and both predictors concomitantly indicating higher risk (WMI RT ≥0.60 and LVEF ≤30%). The log-rank test was used to examine equality of survivor functions. The Kruskal-Wallis rank test was used to compare the PPV of the combined predictors with LVEF alone. Sensitivity analyses were performed in the primary prevention patients. The required sample size was calculated a priori to be 177 patients on the basis of the following assumptions: power 0.80, alpha 0.05, endpoint rate 5%/ year, predictor indicating higher risk doubles risk for endpoint after 3 years. Data were analysed using Stata 11.2 (StataCorp LP, College Station, TX, USA).
Results
Study population
Between 1 October 2003 and 30 September 2007, 231 patients were referred for SCD risk evaluation. Of these, 52 patients (23%) were excluded because they fulfilled an exclusion criterion ( fig. 2) . Most of the excluded patients suffered from dilated cardiopathy without CAD. Of note, none of the eligible patients refused study participation. The study population finally consisted of 179 patients. Of these, only five patients (3%) did not undergo 3-year follow-up: three patients were foreign workers in Switzerland at the time of study inclusion who later moved away to their country of origin and were not contactable, one patient received heart transplantation during follow-up, and one patient died during baseline evaluation when examinations were not yet completed. The study population finally consisted of 174 patients with complete follow-up information.
Baseline data
Baseline characteristics of the study participants who completed follow-up are shown in table 1. Mean age was 59 ± standard deviation of 9 years (range 35-78 years). Twentyone participants (12%) were women. In accordance with the inclusion criteria, all patients had CAD of whom 165 patients (95%) previously had an ACS. A percutaneous
Figure 2
Flow chart -patient disposition during study. CAD = coronary artery disease; SCD = sudden cardiac death 
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substantial proportion, 96 patients (55%), had an ICD and were checked in hospital at yearly intervals. Of these, an ICD was implanted for primary prevention in 80 patients (83%) and for secondary prevention after aborted SCD in 16 patients (17%). The decision for ICD implantation in primary prevention patients was based on a comprehensive clinical evaluation, including LVEF, findings from rhythm monitoring, and/or invasive evaluation. Forty-six of 80 primary prevention patients (58%) had an LVEF <35%. Mean values of the two baseline predictors (WMI RT and LVEF) are shown in table 1. The WMI RT had a maximum range from 0.16 to 1.00, the LVEF from 17% to 70%. After dichotomisation, 50 patients (29%) were considered at higher risk according to the WMI RT , and 54 patients (31%) according to the LVEF. Only 22 patients were concomitantly rated higher risk by both predictors. In 90 patients (55%) of the 165 with a previous ACS, the predictors were measured within 1 month after the ACS. Both baseline predictors (WMI RT and LVEF) were available for all study participants and there were no missing values due to technical errors.
Follow-up data
Overall, 15 patients (9%) died during the 3-year followup. Causes of death were: SCD in 5 patients (33%), congestive heart failure in 5 patients (33%), cancer in 2 patients (13%), pneumonia in one patient (7%), intra-operative death in one patient (7%), and unclear cause in one patient (7%). Twenty-four patients (14%) experienced an endpoint 1 event (SCD in 4 patients and sustained VT/VF terminated appropriately by ICD in 20 patients), and 27 patients (16%) an endpoint 2 event (as compared with endpoint 1, cardiac death as a result of congestive heart failure in an additional 3 patients). Inappropriate ICD shocks not counting as endpoint events were observed during followup in 12 patients (7%). Among patients who experienced a non-fatal endpoint event, three died later in the course of the study: SCD occurred in one patient; one patient died of congestive heart failure; and one patient died after the ICD was inactivated, because overall treatment was changed to palliation.
Associations between predictors and endpoints
Uni-and bi-variable associations of predictors with the endpoints from logistic regression and postestimation of AUROC are shown in table 2. Bivariable logistic regression revealed independent associations with the endpoints for both predictors. Test characteristics of both dichotomised predictors were similar. For endpoint 1, WMI RT had a sensitivity of 50%, a specificity of 75%, a PPV of 24%, and an NPV of 90%; LVEF had a sensitivity of 54%, a specificity of 73%, a PPV of 24%, and an NPV of 91%. For endpoint 2, WMI RT had a sensitivity of 56%, a specificity of 76%, a PPV of 30%, and an NPV of 90%; LVEF had a sensitivity of 59%, a specificity of 74%, a PPV of 30%, and an NPV of 91%. Figure 3 shows the Kaplan-Meier survival estimates for WMI RT , LVEF and the combination of both predictors for the prediction of both endpoints. Of note, the combination of a WMI RT ≥0.60 and LVEF ≤30% resulted in a PPV of 36% for endpoint 1 and of 50% for endpoint 2. Compared with LVEF alone, the increase in PPV with use of both predictors combined was not significant (p = 0.280 for endpoint 1 and p = 0.095 for endpoint 2).
Sensitivity analyses
In the 147 primary prevention patients, sensitivity analyses revealed that WMI RT 
Discussion
This prospective longitudinal cohort study in CAD patients shows that WMI RT is a significant predictor of AEs. Bivariable regression analysis of WMI RT revealed that it is a predictor independent of LVEF. The ability of WMI RT to stratify the risk is comparable to that of LVEF, as shown by similar AUROCs as well as by the test characteristics after dichotomisation. AUROCs and Kaplan-Meier curves suggest that WMI RT has the potential to enhance risk prediction models based on LVEF, but this study was not large enough to develop such a risk prediction model. To our knowledge the present study is the first study to evaluate WMI RT as predictor of AEs in a larger lower risk sample that also included patients without ICD. Most of the previously published WMI studies correlated WMI with other markers of increased SCD risk and did not use follow-up data to study its ability to stratify the risk [16] [17] [18] . Only one recent large study evaluated WMI as predictor of AEs and used prospective follow-up data [15] . However, this study was confined to high-risk patients who had received an ICD. Therefore, in the authors' opinion, the present study adds to current literature. Test characteristics of the WMI RT in the present study were comparable to other risk predictors in clinical use for SCD risk stratification [7] [8] [9] [10] [11] [12] . Test characteristics found for LVEF in the present study were similar to those found for LVEF in previous studies [7] [8] [9] [10] [11] [12] . In general, non-invasive SCD risk predictors have good NPVs of 90% or more. However, it is an issue that PPVs of most SCD risk predictors are below 40%, which is too low to efficiently guide ICD therapy using a single predictor. The same holds true for WMI RT in the present study. Therefore, WMI RT is not suitable for use as a single predictor in clinical routine, but, as an independent predictor, might be of use in combination with other risk predictors. This study has some limitations. First, the findings of this study are based on data from a single centre. Therefore, confirmation in an independent sample is of importance to improve generalisability of the findings of the present study. Second, in accordance with the inclusion and exclusion criteria, the study population was heterogeneous with regard to ICD indications. The study population included patients who needed an ICD for primary prevention, pa- 
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Swiss Med Wkly. 2014;144:w13929 tients who needed an ICD for secondary prevention, and patients who did not need an ICD. Therefore, test characteristics of WMI and LVEF might be different if only applied to one of these subgroups. Third, the sample size was rather small, with 174 patients. This number and the resulting number of endpoints were not sufficient to eval-
Characteristic
All study participants (n = 174)
Age, mean ± SD, years 59 ± 9
Female sex, n (%) 21 ( Table 2 : Uni-and bi-variable associations of predictors with endpoint 1 (SCD or sustained VT/VF terminated appropriately by ICD) and endpoint 2 (any cardiac death or sustained VT/VF terminated appropriately by ICD) using logistic regression and postestimation of the area under the receiver operating characteristic curve (AUROC). Each predictor was assessed as linear measure and after dichotomisation at standard cut points. Figures (large format)
Predictor
Figure 1
The device for Wedensky modulation consists of a standard computer system equipped with an adapter for the special electrodes and software for analysis of the ECG signal (a). The set of electrodes includes two large-size electrodes for the application of sub-threshold stimuli, which are placed on the sternum and back, and seven small-size electrodes for the recording of a high resolution ECG (b). Example of an ECG recording (c): the white tick marks show where the software detected an R-wave, and the red tick marks show when a sub-threshold stimulus was delivered. ECG recordings are analysed using three-dimensional Morlet wavelet transformation separately for stimulated and non-stimulated heart beats. The wavelet transformation averages the vector magnitude of the beats, separates the frequency of the beats, and displays the results as a three-dimensional surface whose axes are time (x axis), frequency (y axis), and amplitude (z axis) (d). To reveal the difference between the stimulated and non-stimulated beats the surfaces are arithmetically subtracted resulting in a wavelet residuum (e). Any variation in the wavelet residuum plane represents a response caused by the stimulation. The key indicators of the wavelet residuum are mathematically combined to calculate the Wedensky modulation index.
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